Drosophila melanogaster is a powerful model organism for dissecting the neurogenetic basis of appetitive and aversive behaviors. However, some methods used to assay food preference require or cause starvation. This can be problematic for fly ethanol research because it can be difficult to dissociate caloric preference for ethanol from pharmacological preference for the drug. We designed BARCODE, a starvation-independent assay that uses trace levels of oligonucleotide tags to differentially mark food types. In BARCODE, flies feed ad libitum, and relative food preference is monitored by qPCR of the oligonucleotides. Persistence of the ingested oligomers within the fly records the feeding history of the fly over several days. Using BARCODE, we identified a sexually dimorphic preference for ethanol. Females are attracted to ethanol-laden foods, whereas males avoid consuming it. Furthermore, genetically feminizing male mushroom body lobes induces preference for ethanol. In addition, we demonstrate that BARCODE can be used for multiplex diet measurements when animals are presented with more than two food choices. alcohol | behavior | Drosophila | preference | feeding A n invaluable model organism for the study of alcohol-use disorder (AUD) is Drosophila melanogaster. Drosophila shares substantial genetic homology and conserved ethanol responses with mammals, meaning that the genetics of ethanol responses identified in Drosophila are likely to be conserved in mammals. Like humans, Drosophila have a natural relationship with ethanol (1, 2) and show adaptations when exposed to ethanol. In humans, these adaptations are associated with AUD and include adaptations such as functional ethanol tolerance and ethanol-withdrawal hyperexcitability/reduced seizure threshold (3, 4) . Consumptive ethanol preference-another behavior associated with AUD-has been difficult to quantify in flies due to their small meal size. The most commonly used method to measure ethanol drinking preference in flies has been the flexible and powerful capillary feeding (CAFE) assay (5, 6) in which flies select between ethanol-containing or ethanol-free liquid food delivered in 5-μL capillary pipettes (7). However, there is evidence that CAFE feeding negatively affects nutrient uptake and longevity (8-10) and that the caloric value of ethanol contributes to preference for ethanol food in this assay (11, 12) .
Drosophila melanogaster is a powerful model organism for dissecting the neurogenetic basis of appetitive and aversive behaviors. However, some methods used to assay food preference require or cause starvation. This can be problematic for fly ethanol research because it can be difficult to dissociate caloric preference for ethanol from pharmacological preference for the drug. We designed BARCODE, a starvation-independent assay that uses trace levels of oligonucleotide tags to differentially mark food types. In BARCODE, flies feed ad libitum, and relative food preference is monitored by qPCR of the oligonucleotides. Persistence of the ingested oligomers within the fly records the feeding history of the fly over several days. Using BARCODE, we identified a sexually dimorphic preference for ethanol. Females are attracted to ethanol-laden foods, whereas males avoid consuming it. Furthermore, genetically feminizing male mushroom body lobes induces preference for ethanol. In addition, we demonstrate that BARCODE can be used for multiplex diet measurements when animals are presented with more than two food choices. alcohol | behavior | Drosophila | preference | feeding A n invaluable model organism for the study of alcohol-use disorder (AUD) is Drosophila melanogaster. Drosophila shares substantial genetic homology and conserved ethanol responses with mammals, meaning that the genetics of ethanol responses identified in Drosophila are likely to be conserved in mammals. Like humans, Drosophila have a natural relationship with ethanol (1, 2) and show adaptations when exposed to ethanol. In humans, these adaptations are associated with AUD and include adaptations such as functional ethanol tolerance and ethanol-withdrawal hyperexcitability/reduced seizure threshold (3, 4) . Consumptive ethanol preference-another behavior associated with AUD-has been difficult to quantify in flies due to their small meal size. The most commonly used method to measure ethanol drinking preference in flies has been the flexible and powerful capillary feeding (CAFE) assay (5, 6) in which flies select between ethanol-containing or ethanol-free liquid food delivered in 5-μL capillary pipettes (7) . However, there is evidence that CAFE feeding negatively affects nutrient uptake and longevity (8) (9) (10) and that the caloric value of ethanol contributes to preference for ethanol food in this assay (11, 12) .
The BARCODE assay does not cause or require calorie restriction. BARCODE monitors ethanol preference in a population of animals that are feeding ad libitum from a plentiful and easy-to-consume supply of solid fly food. In the behavioral chamber, two independent measures of feeding preference can be simultaneously applied-a computer-mediated observational method that monitors fly location on the food patches throughout the assay and the BARCODE qPCR-consumption method that measures the relative consumption preference of the fly for particular foods. In the qPCR-consumption method, two or more DNA oligomers with sequences not found in the fly or human genomes are added to ethanol and nonethanol flyfood patches at trace levels-a concentration that the flies cannot taste but that can still be used to determine their recent drinking history by qPCR of the oligomer. A representative fraction of the oligomer persists in the fly, making oligomer level a good biomarker for monitoring food choice. Using BARCODE, we document a sexually dimorphic difference in ethanol preference.
Results
We conceived of the BARCODE qPCR-consumption method as an assay in which flies have free access to large quantities of food and in which the ethanol-containing food is labeled with one DNA oligomer and the nonethanol food is labeled with another DNA oligomer. We anticipated that ethanol preference could then be measured by quantifying the relative concentration of oligomer in the fly body ( Fig. 1A ). We designed DNA oligomers suitable for quantification by qPCR and used them as a food additive. These ∼100-nt oligomers were designed to be recognized by qPCR primers that do not amplify sequence from any relevant genome (Drosophila, human, or common skin bacteria genomes).
DNA Oligomers in Food Can Be Used to Quantitatively Measure
Consumption. To evaluate the utility of using DNA oligomers to monitor food preference in flies, we hand fed immobilized flies the DNA oligomer in a sucrose solution. The flies were allowed to take a predetermined number of sips of the oligomer solution ( Fig. 1B and Movie S1), and then the relative abundance of the oligomer within the fly was measured by qPCR. We observed a linear relationship between sips of oligomer-laced food and the amount of oligomer assayed in a postmortem qPCR assay (Fig.  1C ). During the first 24 h after oligomer consumption, 99% of the oligomer is lost from the fly, 1% of the oligomer remains in the fly, and 0.1% of the oligomer is passed through to the food ( Fig. 1D and SI Appendix, Fig. S10 ). Most of the oligomer is Significance Quantifying the preference for particular foods is difficult in Drosophila because of the animal's small meal size. It is common for fly feeding assays to induce or require starvation conditions. We have developed BARCODE, a method of tracking consumption preference by tagging foods with different oligonucleotides and later performing qPCR from the fly body to determine its feeding history. Because a fraction of the ingested oligomer persists for about a week, this assay provides a long-term record of the feeding pattern. We use this assay to study sexually dimorphic differences in ethanol consumption preference in Drosophila. BARCODE is also suitable for multiplex feeding studies in which the preference between more than two foods is simultaneously compared. destroyed by digestion within the first 60 min following feeding. However, the remaining 1% in the fly is surprisingly stable, persisting for about 7 d after consumption ( Fig. 1E and SI Appendix, Fig. S1 ). The oligomer that persists in the fly was found in the gut ( Fig. 1F ) and hemolymph of the fly (Fig. 1G ). Overall, these data show that ∼1% of the consumed oligomer remained within the fly and could be used as a proxy measure for food consumption. Finally, a pulse chase experiment (SI Appendix, Fig. S12 ) demonstrates that the consumed oligomer is stable over multiple days and that recently consumed oligomer does not displace previously consumed oligomer.
Removal of DNA Oligomer from Fly Exterior. In a large behavioral chamber, flies have unrestricted access to the oligomer-laced food, and therefore it seemed likely that oligomer might contaminate the exterior of the fly body. To evaluate the extent of this problem and identify a way to remove external oligomer, we coated dead flies with oligomer by rolling them for 2 h on fly food containing 3.5 ng/μL oligomer, and then we evaluated methods for removing the oligomer. We observed that a substantial amount of oligomer accumulated on the fly body ( Fig. 2 ).
This oligomer was tightly bound to the chitinous exoskeleton as indicated by the fact that treatments that removed external oligomer without damaging internal DNA were difficult to find. Neither DNase incubation, UV irradiation, or washing with acid, detergent, or bleach was individually effective. We eventually found that a four-step protocol consisting of (i) a detergent wash, (ii) a water rinse, (iii) a dilute bleach wash, and (iv) a second water rinse could effectively remove the oligomer from the fly's exterior.
To find the highest concentration of bleach that would remove oligomer from the exterior of the fly but not damage consumed oligomer or genomic DNA, we hand fed flies 100 sips of a 3.5-ng/μL oligomer solution and then processed the flies using the four-step protocol with varying concentrations of bleach (0-50%; Fig. 2A ). We then determined the relative abundance of the oligomer ( Fig. 2B ). We observed that 40% and 50% bleach damaged both the internalized oligomer and the Cyclophilin 1 genomic DNA marker, while external oligomer was removed by a 20% or higher bleach wash. We chose to standardize on 30% bleach because it was the strongest concentration tested that did not affect internal oligomer abundance or genomic DNA abundance ( Fig. 2B ) and because it was more than sufficient to remove external oligomer ( Fig. 2C ).
DNA Oligomer Is Not Transferred Between Flies. In the restricted environment of a fly vial or assay chamber, flies may be coprophagic. This behavior could facilitate oligomer transfer between flies, which would confound the use of oligomers for monitoring individual feeding patterns in a population of flies. To determine whether cohabitation enables transfer of the oligomer between flies, we hand fed flies and then housed each of them with a fly that had not been fed oligomer. After 2 d, the flies were separately assayed for the oligomer to determine the amount of transfer between animals. We observed no meaningful transfer between flies during this period (Fig. 3A ). BARCODE Behavioral Chamber. For our BARCODE ethanolpreference experiments, we use a 14 × 14.5 × 22.5 cm clear chamber that contains a food tray ( Fig. 4) . The chamber and tray were constructed with Plexiglas using a laser cutter (templates available in SI Appendix, Supplemental Files 1-4). Food trays contain 24 wells, and each well is 1.5 × 1.5 × 0.5 cm. In an ethanol-preference assay, flies feed from trays whose wells are loaded in an interdigitated pattern with either ethanol food or nonethanol food. Each food type contains a DNA oligomer specific for that food type at a concentration of 3.5 ng/μL ( Fig.  4B ). Fifty flies are tested at a time in the chamber. We use two distinct methods to measure ethanol preference in this assay chamber ( Fig. 4A) . One is the qPCR-based method, that we call BARCODE, in which the relative abundance of the consumed oligomer 1 and oligomer 2 within the flies is measured (five groups of three to five flies are assayed by qPCR, and the data are normalized to the relative abundance of the genomic Cyp1 gene). The second method is an observational method in which snapshots of the food grid are taken every 5 min and the number of flies over each well of food is recorded (Fig. 4B ). The second method is used to help validate the BARCODE method. Preference indices are calculated from both of these methods.
DNA Oligomers Do Not Influence Preference. This was demonstrated in three ways-a proboscis extension response assay showed that an oligomer added to the food does not alter sip probability except at concentrations ∼450× that used to measure preference (SI Appendix, Fig. S2 ); an observational preference assay (computer photographically recorded food preference) that showed that flies do not distinguish between oligomer-containing food patches and nonoligomer-containing food patches (Fig. 3B ). We have observed that the BARCODE qPCR-consumption assay and the observational assay show strong agreement for 5% alcohol food preference (e.g., Figs. 5 A and B and 6 and SI Appendix, Fig. S8 A and C). The concordance in these independent measures helped validate the BARCODE assay.
Flies Are Sensitive to Quinine in a Dose-Dependent Manner in BARCODE. To determine the sensitivity of the BARCODE qPCR assay we performed a quinine dose-response assay. Quinine is a naturally bitter tasting compound that has been previously shown to be aversive to flies (13) . Flies have been shown to be able to distinguish concentrations of quinine up to 1 mM in CAFE (14) . We used concentrations of 0.1 mM, 1 mM, and 10 mM and observed dose-dependent aversion down to 0.1 mM in both the consumptive BARCODE qPCR assay and the observational preference assay (SI Appendix, Fig. S8 A and C) .
BARCODE Measurement of Ethanol Preference Is Not Sensitive to
Ethanol Calories. In Pohl et al. (11) , it was shown that in the CAFE assay, flies had strong preference for ethanol and that this preference was completely eliminated once the caloric content of ethanol-and nonethanol-containing foods was balanced. However, in BARCODE, balancing the caloric content of the ethanol food and nonethanol food does not eliminate preference for ethanol (SI Appendix, Fig. S7 ), indicating that ethanol preference measured here is not dependent on the caloric value of ethanol. Consistent with the idea that CAFE is a calorie-restrictive assay, we observed 16% death in the CAFE assay over a 5-d period. In the BARCODE assay, we observed just 0.25% death (averaged over four assays) and none in food-vial-housed flies over a 5-d period (Fig. 5D ). Furthermore, CAFE-housed males showed a 40% reduction in mean body weight (SI Appendix, Fig. S4A ) compared with vial-housed flies. Finally, adding solid fly food to the bottom of the CAFE vials to reduce starvation eliminated male preference for alcohol but did not change female preference for alcohol ( Fig. 5 E and F) . These results with foodsupplemented CAFE more closely emulate our BARCODE alcohol-preference results. Values have been normalized to the number of oligomer molecules in the fed fly (determined by qPCR to be ∼20,000 molecules). Boxes are Q1-Q3; center line is mean, whiskers are 95% CIs; n = 6. There is no significant transfer of oligomer between most animals (onesampled t test μ o = 0; n = 6; μ = 2.3%, 3.4%, and 1.6%, respectively. P = 0.19, 0.22, and 0.32, respectively), except for slight transfer from males to females (n = 6; μ = 0.9%, P = 0.00418 Genetic Feminization Modulates Ethanol Behaviors. In BARCODE, we observed that wild-type male Canton S (CS) flies are not attracted to 5% ethanol by volume (ABV), whereas female CS flies prefer ethanol-laden foods up to 10% ABV ( Fig. 5 A and B and SI Appendix, Fig. S5B ). We hypothesized that genetic sex differences contribute to sexually dimorphic ethanol preference.
To test this, we genetically feminized male neuropil by inhibiting Fru M production using an inducible UAS-Transformer (TraF) transgene. Expression of this splicing factor induces femalespecific cellular identity and when ectopically expressed in males, feminizes the cells by suppressing production of the malespecific Fru M splice variant (15) . Fru is endogenously expressed in the mushroom bodies (MBs) (16) . Using three Gal4 lines, we individually drove UAS-TraF in the MBs. The resultant feminization of male flies made males relatively more attracted to 5% ethanol food ( Fig. 6 ). Interestingly, when we genetically feminized tyrosine hydroxylase (TH)-producing neurons (ple-Gal4) we saw no such increase in preference for ethanol. In addition, male MB feminization also reduced the male's capacity to acquire 24-h functional alcohol tolerance (alcohol-induced alcohol resistance) but had no effect on tolerance on females (SI Appendix, Fig. S9 ).
Discussion
The BARCODE assay was developed as a way to measure preference for ethanol in D. melanogaster. However, because it uses DNA oligomers of unique sequence to label foods, the BARCODE assay is not limited to binary food choices and can also be used for measuring feeding patterns when more than two food choices are simultaneously presented. In the context of ethanol research, this might prove useful for monitoring the progression from low-to high-ethanol-containing foods.
In parallel with the BARCODE qPCR-based assay, we also collected photographic data of the feeding preference of flies in the same chamber. We observed that flies tend to occupy food patches that match their food of choice as measured by the BARCODE qPCR assay even when they are not feeding-this is likely because flies have taste receptors on their feet. CAFE for alcohol preference is typically performed in the absence of extra food; this reduces nutrient uptake (8) as evidenced here by reduced body weight and longevity. Typically, rodent alcohol-preference paradigms include readily abundant solid food as well as ethanol and nonethanol liquid choices. Abundant food serves to keep the animals healthy and reduces the possibility that animals consume alcohol for its caloric value so that the experimenter can more accurately measure pharmacological preference for alcohol. To emulate this paradigm, we added food to the bottom of vials in the CAFE assay. We found that male flies no longer preferred ethanol food, replicating the results obtained in BARCODE.
A surprising observation was the perdurance of the consumed BARCODE oligomer in the fly. We believe that a fraction of the consumed oligomer is in some manner protected from digestion in the intestine. This might arise from transport of some of the oligomer from the lumen of the intestine into the hemolymph. Alternatively, a fraction of the oligomer may bind to chitin within the digestive tract, making that oligomer fraction unavailable for digestion. Impermeable cuticle lines the foregut and hindgut, while the midgut is lined by a type II peritrophic membrane that is made of chitin and glycoproteins (17, 18) . The nonspecific binding of DNA probes to cuticle has been previously noted during the course of Drosophila in situ hybridization experiments (19) (20) (21) (22) . While some insects lack a peritrophic membrane, they still retain other cuticular structures within the digestive tract. Thus, the BARCODE oligomer assay may generalize to other insects. The ethanol-preference behavior of flies in BARCODE is substantially different from that observed in the CAFE assay. In CAFE, we have observed that both sexes show the same bias for consumption of ethanol-containing food [SI Appendix, Fig. S5A and also figure 7 in Pohl et al. (11) ], while in BARCODE we observed that males and females have the opposite response to ethanol in their food, with males showing avoidance of ethanol in their food (even at 5%) and females showing preference for ethanol in their food (up to 10%). There is also a difference in that CAFE-housed flies typically show a day-by-day increase in ethanol preference whereas BARCODE-housed flies show the same ethanol preference on each day of the assay (Fig. 5C and SI Appendix, Fig. S5B ).
We genetically manipulated the sex of the MB lobes to determine if the sexually dimorphic ethanol preference is genetically encoded. The MBs receive numerous inputs from various areas of the brain. They receive sensory inputs as well as inputs that modulate valence of a stimulus such as those from dopaminergic neuropil (23) . The MBs have also been shown to be necessary for expression of appetitive and aversive behaviors (24) (25) (26) . Others have also shown that the mushroom body is important in modulating ethanol preference (27) and a subset of the MB output neurons have been demonstrated to be necessary for expressing olfactory ethanol attraction (28) . Induction of TraF expression was used to feminize the MB lobes of males. TraF is a splicing factor that causes female-specific splicing of both fruitless (fru) and doublesex (dsx) transcripts. In males, TraF is not active, resulting in expression of the "default" malespecific form of both fru (fruM) and dsx (dsxM) (29, 30) . The encoded Fru M and Dsx M proteins are transcription factors. Fru M is neural specific, whereas Dsx M is expressed in male neuronal and nonneuronal tissues (15, 31) . Fru M has been shown to be necessary for sex-specific dendritic arborization patterns (32, 33) and has also been associated with male-specific behavior such as courtship and aggression (34) . Previously, the fru gene was implicated in ethanol-induced disinhibition of courtship (35) as well as in modulating the sensitivity to sedation with ethanol vapor (36) . Feminization of any one of the three male MB lobes causes males to increase preference for ethanol in the BARCODE assay chamber. We propose that Fru M expression in the MB modulates male ethanol preference. We do not think that Dsx M plays this role because Dsx M has primarily been associated with male physical attributes (37) . The effect of TraF on ethanol tolerance only in males may arise from a change in neural circuitry during development. Alternatively, the Fru M or Dsx M transcription factors themselves may modulate ethanol-induced genes that are required for functional ethanol tolerance. The absence of an effect in females suggests that the mechanism generating ethanol tolerance has a sexually dimorphic component.
Another interesting sexually dimorphic behavior we observed was fly clustering. The photographic observational method that we used records the number of flies per well over each 5-min time increment throughout the duration of the assay. We noticed that males clustered less frequently than females as evidenced by a lower ClusterF index (SI Appendix, Fig. S6 ). This could reflect an important social dynamic and may influence which food patches the females occupy and feed on. This behavior cannot be observed in CAFE because a micropipette does not provide the physical space for clustering. Previous studies on social clustering did not show sexual dimorphism. However, this may be because the studies were performed in a small chamber in the absence of food (38) .
The BARCODE qPCR assay is a food consumption assay that is well suited for determining the relative food preference of flies. For our purposes, we use the ΔΔCT qPCR method to compare the preference of flies for ethanol food versus nonethanol food (39) . Determination of the absolute volume of food consumed is complicated by the fact that only a representative amount of oligomer survives digestion. This limitation could be resolved by using nonhydrolyzable DNA oligomers to prevent oligo digestion and allow the experimenter to determine the absolute volume of food consumed. Furthermore, nonhydrolyzable oligomers might also increase the sensitivity of the assay-we have not yet tested these ideas.
The BARCODE assay is very flexible and can be used to conduct experiments that were previously not possible. The Gal4-driver p = 0.003 p = 0.014 p = 0.0003 p = 0.0024 p = 0.018 p = 0.0014 p = 0.41 p = 0.0043 p = 0.001 p = 0.042 p = 0.0034 p = 0.04 p = 0.03 p = 0.37 availability of a huge number of distinctly assayable DNA oligomers should enable one to monitor the selection between many different food choices. In SI Appendix, Fig. S11 we demonstrate the feasibility of using BARCODE to simultaneously measure the consumption of three different food sources. In addition, when we sequentially fed two oligomers to flies, we observed that the second oligomer did not displace the first oligomer (SI Appendix, Fig. S12 ). Thus, if one switched feeding plates each day, and each plate contained a unique oligomer set, one should be able to use qPCR to determine the relative consumption of each food during each day of a given period. Moreover, because the BARCODE assay quantifies DNA oligomers in a small number of flies (we used three to five flies per PCR for genetic feminization experiments and single flies for the quinine aversion experiment) (SI Appendix, Fig. S8B ), BARCODE could lend itself to monitoring mixed populations of flies to determine how different types (genotypes, sexes, species) of flies influence each other. Finally, it should not be overlooked that males and females have neurally based differences in ethanol preference. In Drosophila because the gender of individual neurons can be manipulated, this should prove useful as a tool for mapping circuits and identifying genes that modulate ethanol preference.
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Materials and Methods
Oligomers were designed using an Excel spreadsheet (Microsoft) using randomly generated numerical sequences with corresponding nucleotides: 1 = A, 2 = T, 3 = G, 4 = C. Primers were designed using IDT PrimerQuest Tool (idtdna.com) and screened using BLAST (National Center for Botechnology Information) to identify those that did not match Drosophila, human, or skin flora bacteria (SI Appendix, Supplemental Materials and Methods). Preference was determined two ways: (i) consumptive preference using the qPCR method and (ii) observational preference using photographic data. For BARCODE qPCR-preference assays flies were anesthetized with CO 2 and homogenized as described (SI Appendix, Supplemental Materials and Methods). Homogenate was amplified using SYBR Green PCR Master Mix with a T m = 60°C and 40 cycles per run. Observational preference index was determined using an image processing script that counts flies on each food well (41) . See SI Appendix, Supplemental Materials and Methods for more details. For consumptive qPCR preference, animals were harvested at the end of the second day except for SI Appendix, Fig. S8 , which were sampled at the end of day 1 and day 2. For observational preference, the occupancy of each food substrate was recorded every 5 min and plotted (SI Appendix, Fig.  S8C ), or binned into groups of 50 min (SI Appendix, Figs. S3B, S5C, and S7B), or averaged into a single value for a 2-d period (Figs. 3B, 5B , and 6B and SI Appendix, Fig. S7A ), or averaged per day (SI Appendix, Figs. S3A and S5B).
